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The paper focuses on the automatic control of aircraft in the lateral-directional plane, during the 

landing approach phase, taking into consideration the crosswind and the sensors’ errors. Two new 

automatic landing systems are designed by using the H-inf control, the dynamic inversion, optimal 

observers, and reference models. To validate them, we use the dynamics associated to the landing of a 

light airplane, we software implement the theoretical results, and we analyze the accuracy of the results 

and the precision standards’ achievement with respect to the requirements of the Federal Aviation 

Administration for the lateral error during the lateral-directional motion of the aircraft during landing 

approach phase. 
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1. Introduction 

 A. Antecedents and motivations 

 The Automatic Landing Systems (ALSs) are used for aicraft landing control; among the first such 

systems there can be mentioned the ones tested in September 1947, allowing the complete fully automatic 

takeoff and landing. The main three phases in a typical landing procedure (longitudinal plane) are: the initial 

approach, the glide slope, and the flare [1-4]. Firstly, during the initial approach, the pilot must cancel the 

aicraft lateral deviation with respect to the runway; meanwhile, the pilot descends from the cruise altitude to 

an altitude of approximately 400 m above the ground for heavy aircraft or less than 400 m for light aircraft. 

The pilot then positions the airplane so that it is on a heading towards the runway centerline. When the 

aircraft approaches the outer airport marker, which is about 4 nautical miles from the runway, the glide 

slope path signal is intercepted. As the airplane descends along the glide slope path, its pitch, attitude, and 

speed must be controlled; the aircraft maintains a constant speed along the flight path. The landing approach 

phase of flight is perhaps the most critical phase for medium weight class airplanes. The airplane must be 

characterized by good handling qualities in order not to unnecessarily add to the pilot’s workload during 

this phase of landing. The landing approach phase requires accurate positioning of the airplane relative to 

the runway with a limited margin for error. 

 In the ALSs’ design process, one can use different conventional control laws as: proportional-derivative 

(PD), proportional-integral (PI), proportional-integral-derivative (PID) for the altitude and descent velocity 

control [1-3], PD or PID conventional laws for the pitch angle and pitch rate control, as well as different 

laws based on the state vector, dynamic inversion concept, with command filters, dynamic compensators, 

and state observers [4-7]. There are also used the optimal synthesis H2, H∞, H2/H∞ [8], the adaptive synthesis 

based on dynamic inversion theory and neural networks theory [9, 10], or fuzzy techniques [11, 12]. In the 

research area of optimal synthesis, Shue and Agarwal [13] have developed a mixed technique for the H2/H∞ 

control of the landing, while Ochi and Kanai [14] have used the H∞ control technique to design aircraft 

automatic approach and landing. In these papers, the authors did not analyze the robustness of the designed 

controllers in the presence of sensor errors and crosswind (lateral wind) – issue which is considered in our 

paper. This is achieved in [15], where a PD-type fuzzy control system is developed for automatic landing 

control of both linear and nonlinear aircraft model. The drawback is that the authors only set up the wind 

disturbance as the initial condition; persistent wind disturbance is not considered. The learning scheme using 

fuzzy controllers with the Back-propagation Through Time (BPTT), presented in [16], guides the aircraft to a 



safe landing and makes the controller more robust and adaptive to the ever-changing environment. To design 

systems for the landing control in lateral-directional plane, different techniques are available: H-inf control, 

linear quadratic optimal control (LQR/LQG), and structured singular value μ-synthesis. The study [17] did not 

include weather factors such as wind disturbances; same conclusions can be drawn from the work of Singh 

and Padhi [2] where a nonlinear control has been designed by using the dynamic inversion approach for the 

automatic landing of unmanned aerial vehicles along with the associated path planning. The obtained algorithm 

is not tested in the presence of crosswind and/or wind gusts, this being a disadvantage of the algorithm. An 

alternative of the above presented control techniques can be the usage of neural networks; the disadvantage of 

these systems is related to the flight path track accuracy; for example, the time delay neural network controller 

designed in [18] is enable only under limited conditions. If severe wind disturbances are encountered, the pilot 

must handle the aircraft due to the limits of the automatic landing system. 

 B. Main contribution  

 This paper focuses on the automatic control of aircraft in the lateral-directional plane, during landing 

approach phase, by using the linearized lateral dynamics of aircraft, the H-inf control, and the dynamic 

inversion concept, taking into consideration the crosswind and the errors of the sensors. Our aim is to design 

new landing flight control systems in lateral-directional plane which cancel the negative effect of crosswind 

and sensors’ errors, which can be used with good results when the number of sensors is smaller than the 

number of states that must be known, and which can handle the situations when the actuators’ dynamics is 

nonlinear, without using neural networks due to their limited conditions of functionality. According to this 

paper’s authors, little progress has been reported for the landing flight control systems in the lateral-directional 

plane (using the H-inf control and the dynamic inversion) handling all the above presented problems; this 

motivates the present study. 

 The systems designed in this paper represent extensions of the automatic landing system presented in 

[4], where only the landing in longitudinal plane is analyzed. Our systems differ from other similar 

automatic landing systems from the specialty literature, being designed for the lateral-directional motion of 

the aircraft during landing approach phase; with some changes, the systems can be used for the control of 

landing in the longitudinal (vertical) plane or for other flight trajectories. Our new ALSs have some 

additional elements with respect to the one presented in [4]: 1) two reference models which provide the 

aircraft desired lateral deviation, sideslip angle, and their derivatives up to relative degrees of the systems; 

2) an optimal observer which is used for the estimation of the error x-xx ˆˆΔ   ( x  is the aircraft desired 

state, while x̂  is the estimated state) in the presence of crosswind and sensor error; 3) a dynamic 

compensator (only for the second designed ALS) which provides one of the control law components (the 

pseudo-command signal). By using the states of the reference models, we calculate x  and the reference 

vector  y  for the measured output y. The optimal control is made on-line after the deviation (error) .x̂  

The inputs of the reference models are the reference lateral deviation and the sideslip angle (calculated for 

the landing approach phase). By means of the two reference models’ states, one calculates the desired 

component u  (guidance component) of the control laws for the imposed lateral-directional trajectory by 

using the dynamic inversion approach in two variants. The other component of the control laws  u  is 

determined by using the H-inf method. The two calculation methods for u  differ from the one presented in 

[4] especially by a greater degree of generality, applicability, and simplicity; the control law presented in [4] 

consists of separating the controller in two subsystems: a stable one and an unstable one which must be 

stabilized separately, this leading to a more complicated design procedure.  

2. Aircraft Dynamics in Lateral-Directional Plane during Landing 

 As we already mentioned, aircraft landing is simplified if the motion of the aircraft in lateral plane is 

made without errors (deviation of the aircraft from the runway direction is zero). This is why the system 

for the automatic control of the flight direction is very important. Before the start of the landing two main 

stages in longitudinal plane (the glide slope phase and the flare phase), the pilot must cancel the aircraft 



lateral deviation with respect to the runway. This can be achieved by means of the automatic control 

systems designed in this paper or by using other control systems for the flight direction control with radio 

navigation subsystem and equipment for the measurement of the distance between the aircraft and the 

radio markers [15, 19, 20, 21, 22]. 

 The linearization of an aircraft nonlinear dynamics is generally based on the method of small disturbances 

with respect to an equilibrium trajectory. The general linear model of the aircraft motion (A), in lateral-

directional plane, is described by the equations [5]: 
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 (1) 

where β is the aircraft sideslip angle, φ and ψ are the roll angle and the yaw angle, respectively, p – the 

aircraft roll angular rate, r – the aircraft yaw angular rate, Y – the deviation of the aircraft with respect to the 

runway direction, a  and r  the deflection angles of the ailerons and rudder, respectively, 
ca  and 

cr
 

the roll and yaw commands (commands applied to the actuators), vyV  the component of the wind velocity 

along the lateral axis of the aircraft, 0V  aircraft nominal velocity, aT  and rT  the effectors’ time delay 

constants of the ailerons and rudder, respectively. Aircraft’s lateral motion may be written under the form: 

  ;GwBuAxx   (2) 

here x is the state vector, u - the command vector, while the crosswind vyVw   is the system’s 

disturbance which is estimated by the equipment from aircraft’s navigation system; the forms of x and u 

are   T

raYrpx   and    ,
T

ra cc
u   respectively. 

 By identification of equations (1) and (2), we obtain the matrices ,, 2888   RBRA  and ;18 RG  
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3. Design of the First Flight Control System for the Landing Approach Phase 

 A. Problem formulation 

 Optimal control problems have became more and more important in the design of modern engineering 

systems [23]. The solving of an optimal problem means the determining of a system input which optimizes a 

given cost functional [24]; the control input that yields an extreme of the cost functional is known as the 

optimal control and the corresponding variation of the state variables is called the optimal trajectory. The first 

flight control system presented in this paper may be used mainly during the landing approach phase, but, 

changing aircraft’s dynamics and the controlled variables, it can also be a solution for the aircraft control in 



longitudinal plane during the two main phases: the glide slope and the flare. 

 For the design of this first control system, let us consider the vector   xCYz
T

'  containing the 

system’s controllable output variables and the vector  T
Yz   containing the system’s reference variables 

(the imposed values of aircraft’s lateral deviation and sideslip angle). The system’s output vector is y, 

chosen of the form:   ;CxrpYYy
T
   the sensors’ errors have been not taken into account 

here. The matrices 87 RC  and 82 RC  are respectively: 
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 The command law is calculated by using the formula: 

  , uuu  (5) 

where u  is the optimal command calculated by means of the H-inf method, while the component u  is 

calculated by using the dynamic inversion; u  will be obtained in the next sub-section, while the component 

u  will be designed in section 3.C. For the design of signal ,u  there will be used the dynamic inversion 

principle and the vectors ,, xCyxCz   where x  is determined from the equation .uBxAx   

 B. Design of the first component ( u  ) of the control law u 

 The state equation (2), the equations associated to z1=Y and z2=β, as well as the equation of the output 

vector y, may be combined into the following equation: 
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the matrices GBA ,,  have the forms (3) and        ;0,0,00000001,00100000 21110110 cDcDCC   

the matrix C has the form given in (4), while D22=I7 for the vector containing the sensor errors: 

  .
T

rpYY eeeeeeee    It is known that the sensors (used to measure some important variables) have 

sometimes errors; for example, the most important errors of a gyro sensor are: 1) the bias; 2) the scale 

factor; 3) the calibration error of the scale factor; 4) the noise of the sensor; 5) the sensibility to an 

acceleration applied along an arbitrary direction. The bias and the noise are the most severe for the control 

performance during landing. Usually, on aircraft there are used giros to measure the angular rates (in our 

case p and r); by integration of the obtained values, the roll and yaw angles result. Moreover, on aircraft 

there are transducers (sensors) for the attack angle and for the sideslip angle (β). Therefore, in this paper, we 

considered sensor errors for β, p, and r. The general model of the gyro sensor is the one in [1]. In the 

software implemnetation of the two automatic landing systems (section 5), the authors will use some 

information from [1], but will increase considerably the values of the sensors’ errors to study the robustness 

of the two ALSs. To proof that, in steady regime, the forms of z1=Y and z2=β are the same with the ones in 

(6), one has used the expansion of   T
zzz 21 as function of state (x) and of the system command vector 
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c2 have small positive values; in steady regime (u=0), one gets z1=Y and z2=β. 

 The optimal control law has the form [1]: 
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and positive defined matrix 88
  RP  is the stabilizing solution of the Riccati matriceal equation [13] 

    .01
2

1
1

1  


 QPGGBBRPAPPA TTT  (8) 

Here, R1 must be a positive defined matrix, while μ1 is a small enough positive scalar for which the Riccati 

equation (8) has a stabilizing solution. The determination of the controller gain matrix  K  is the so-called 

H-inf control problem. The plant inputs are classified as control inputs and disturbances. The control input 

(u) is the output of the controller, which becomes the input to the actuators driving the system (aircraft). 

Disturbances w=Vvy and e are called exogenous inputs; the main distinction between the control input and 

the exogenous inputs is that the controller can not manipulate exogenous inputs. The plant’s outputs are also 

characterized into two groups; the first group is represented by signals that are measured and become inputs 

of the controller; the second group is represented here by the performance outputs (z1 and z2). In this paper, 

one will not insist on this whole theory since it is well presented in many papers [13, 14, 25]. It can only be 

noted that the H-inf control problem means to find a controller for the generalized plant such that the infinity 

norm of the transfer function relating exogenous inputs to performance outputs is minimum. The controller 

gain matrix  K  has the general form (7) which is typical for the optimal control theory. The optimal 

control law u  depends on ,ˆˆ xxx   as one can see in (7). To obtain this signal, an ordinary observer 

must be used; here, in order to obtain the estimated state vector  x̂  and the signal ,ˆˆ xxx   one borrowed 

the observer presented in [25], i.e.:  .ˆˆˆ xCyLBuxAx  
  vyVw   is estimated by means of the 

equipment from the navigation system. The observer gain matrix 78
  RL  is calculated by using the 

formula:   ,
1

2222
* 

  DDCPL TT  with 
*P  the stabilizing solution of the Riccati matriceal equation [13]: 
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μ2 is a small enough positive scalar for which the Riccati equation (9) has a stabilizing solution. 

 C. Design of the second component (guidance component - u ) of the control law u 

 First, we will obtain the relative degrees of the variables z1=Y and z2=β; these relative degrees will be 



denoted here with r1 and r2, respectively. We derivate with respect to time the equations associated to Y and 

β (r1 times and r2 times, respectively) until the components of the command vector u, i.e. 
ca  and ,

cr
  are 

obtained; the following equations have resulted: 
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Thus, according to equations (10), the relative degrees are r1=3 and r2=2. The equations (10) may be 

combined in the equation of the vector     ,r
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 The form of the command law u  results from (12) if we impose the convergence of    T
Yz  r  to 

   T

Yz  r  and the convergence of the system estimated state  x̂  to x; in these conditions, we get: 

    .~ˆr1 wGxAzBu xu
   (13) 

 D. The structure of the first new automatic landing system for the approach phase 

 The structure of the first new control system for the aircraft guidance during landing approach phase, 

using dynamic inversion and H-inf method, is presented in Fig. 1. The vectors z  and  rz   are calculated by 

means of two reference models, the former being a three order reference model (associated to Y), while the 

latter is a second order reference model (associated to β) (Fig. 2) [5]; for the two reference models, to this first 

control system, we considered .0
21
 hh vv  The desired landing trajectory of aircraft mainly involves two 

variables’ control: the aircraft lateral deviation with respect to the runway (Y) and the sideslip angle (β). 
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Fig. 1 The first ALS for the aircraft control in lateral plane using the H-inf control and the dynamic inversion 
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Fig. 2. Block diagrams of the three order and second order reference models, respectively:                                                                    

a) simplified block diagrams; b) detailed block diagrams 

The dynamic inversion and H-inf method must assure the convergences:   ,,0 xxxCyCxyy   
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4. Design of the Second Flight Control System for the Landing Approach Phase 

 Like the first landing system (presented in the third section), this second one is also used for the landing 

approach phase and for the aircraft’s control in lateral-directional plane during the two main phases of a 

typical landing procedure in longitudinal plane. The main difference between the two control systems is the 

method used for the design of the control law u; other differences will be presented later in this section and 

in the fifth section of the paper. Like in the third section of the paper, the dynamic inversion and the H-inf 

control will be used again, this time, a dynamic compensator being integrated into the system; moreover, 

the design of the control law’s first component  u  is achieved again by means of the equations (6)-(8); it 

differs the method for the calculation of the second component (guidance component - u ) of the control law 

u. Also, a Pseudo Control Hedging (PCH) block will be inserted in the system to limit the pseudo-control 

by means of a component which represents the estimation error of the actuator’s dynamics; the signal 

provided by PCH block represents a reference model additional input. 

 A. Design of the control law u 

 We start the design of the control law u considering that a flying object’s nonlinear dynamics, with one 

input (u) and one output (z), is generally described by the equations [26]:  

      ,,, xhzuxfx    (14) 

with   1nx  the state vector, n – the number of the state variables, f and h – nonlinear functions, 

generally unknown, u and z  – the system’s input and output vectors, respectively. In this paper, we assume 

that h(x) is a uniquely invertible function. This dynamics satisfies the hypothesis in [27] and the equations: 
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this means that all derivatives        ,r,0,,  ihuxhz iii  do not depend on ,u  while the derivative 

     r
r

r , huxhz   depends on ;u  r is the relative degree of the system (14), while z and  rz  are 
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 Denoting with  uzh ,ˆ
r  the best approximation of the function        ,,,, rrr uzhuzxhuxh   we 

design the control law (the pseudo-command): 

   .ˆ,ˆ
r uzhv    (16) 



The equations (15) and (16) are equivalent with the following ones:    ;ˆ,ˆ,, 1
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1
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then, according to (15) and (16), one gets   ;ˆr vvz   otherwise, 

    ,ˆr  vz  (17) 

where      uzhuzhux ˆ,ˆ,, rr   is the approximation error of the function hr (the inversion error), 

which acts like a disturbing signal of the system. Moreover, the equation (17) expresses the presence of r 

ideal integrators between the pseudo-command (pseudo-control) v and the output z. Imposing that 
    ,,,, rr zzzzzz    the signal v can be chosen of form [28]: 

    ;ˆˆ r  pdvzvv  (18) 

pdv̂  is the output of the linear dynamic compensator, used for the control of the linear subsystem (17). 

 The linear system (17), having the input  vv ˆ  and the output z, is described by the transfer matrix 
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subsystem (17) is described by equation:      ;,diag,ˆ
020100

r bbbvbZz Τ    if    rr zz   and ,ZZ   

the error   T

21   becomes ;0 12  for ,0, 1202110120  Ib  the following equation results: 
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 Now, taking into account the equation (12),   Zz Τr  becomes: 
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where, one has chosen ;10121  b  x̂  is the system estimated state, ,, 12062621106161 aVaaaVaa   
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and 
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in the previous equations ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆ,ˆ
arpY   and r̂  are the components of the estimated state vector .x̂  
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 and replacing the vector z with its estimate   ,ẑ  according to the equation  ,,1
r vzhu   

  ,ˆ,ˆ 1
r vzhu   one gets: 
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Replacing now û  (form (22)) into equation (24), the final form of the control law u  is obtained as follows: 
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thus, the control law u  may be directly calculated by means of (22), where û  is replaced by u and v̂  by 

.ˆ  vv  The general control law u has again the form (5), where the component u  (the component obtained 

by using the H-inf control) has the same form like the one in the case of the first landing system (the form of 

u  is (7) with P  the stabilizing solution of the Riccati matriceal equation (8)). 

 B. The structure of the second new automatic landing system for the approach phase 

 The structure of the second new control system for aircraft guidance during the landing approach phase, 

using dynamic inversion, H-inf method, and a dynamic compensator is presented in Fig. 3. The vectors z  and 

rv̂   are calculated by means of two reference models [5]; these are identical with the ones presented in Fig. 2 

where, this time, 0
21
 hh vv  or .0,0

21
 hh vv  The forms of the signals 

1hv  and 
2hv  (the two components 

of the Pseudo Control Hedging block’s output - vh) will be presented in the section 4.C. As in the case of the 

first control system (the one in Fig. 1), the desired landing trajectory of aircraft mainly involves the same two  
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Fig. 3 The second ALS for the aircraft control in lateral plane using the H-inf control and the dynamic inversion 



variables’ control: the aircraft lateral deviation with respect to the runway and the sideslip angle. The ALS in 

Fig. 3 must assure the convergences: ,0,ˆ,,,  uxxxxCzxCzxxxCyCxy  

.0,0  uu  

 The linear dynamic compensator is chosen as proportional-derivative (PD) one; it provides the signal 

pdv̂  necessary for the system’s stabilization. The proportional coefficients (
1pk  and 

2pk ) and the derivative 

ones (
1dk  and 

2dk ) associated to the dynamic compensator are calculated by imposing desired roots (solutions) 

for the characteristic equations of the linear closed loop subsystem with unitary and negative feedback (the 

system having on the direct way the transfer matrix Hd(s)); the control signal u  is neglected during this step. 

The two characteristic equations are: 0sss
10101

2
21

3  pkbb  and   ,0ss 2021202
2

2
 pd kbkb  

respectively; we have chosen λ21=b01=b02=1 and λ12=0. Thus, the parameters of the dynamic compensator are 

calculated such that the two characteristic equations presented above have imposed (desired) solutions, i.e. 

all the complex solutions are placed in the left-hand side of the complex plane. Without loosing the 

generality, these solutions can be the same with the poles of the reference models’ transfer functions. 

 C. The structure of the Pseudo Control Hedging block 

 The controllers are sometimes sensitive to actuators’ nonlinearities; that is why, in the architecture of 

these controllers, one may introduce a block which limits the pseudo-control by means of a component 

representing an estimation of the execution element’s dynamics (PCH - Pseudo Control Hedging) [29]. The 

input saturation and the input rate saturation may also be significant problems; the saturation violates the 

assumption of affinity in control and the assumption that the sign of the effect of the control is known/non-

zero, since the effect of additional control input is zero once saturation is entered. The main purpose of the 

Pseudo Control Hedging (PCH) control method is to prevent the adaptive element of a control system from 

trying to adapt to a class of system input characteristics (characteristics of plant or of the controller). To 

achieve this issue, the control law is prevented from “seeing” the system characteristic. A plain-language 

conceptual description of the method belongs to Johnson and Calise: The reference model is moved backwards 

(hedged) by an estimate of the amount the plant did not move due to system characteristics the control 

designer does not want the adaptive control element to ‘know’ about. In other words, in the context of a 

control law involving dynamic inversion, “movement” should be replaced by some system signal. Preventing 

the adaptive element from “knowing” about a system’s characteristics means to prevent that adaptive element 

from seeing the system characteristic as model tracking error [30]. On the other hand, the adaptive controllers 

are sensitive to actuator nonlinearity. That is why, in these controllers’ architecture, one may introduce a block 

which limits the pseudo-control by means of a component (PCH) representing an estimation of the execution 

element’s dynamics. In this paper, we introduce a PCH block which limits the signal v with a component 

representing the actuator dynamics’ estimation. Thus, PCH “moves back” the reference model, introducing a 

reference model’s response correction with respect to the estimation of the execution element’s position. The 

signal provided by PCH  T

hhh vvv
21

  is a reference model’s additional input [29, 30]. The block diagrams 

for the modeling of the servo-ailerons, servo-rudder, and the two components of the PCH block’s output (
1hv  

and 
2hv ) are presented in Fig. 4. The equations that lead to these two block diagrams have resulted by using 

the equations (22). Thus, by means of (22), one obtained: 
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in the above two equations, we considered two independent channels (roll and yaw) and, that is why, we 

neglected the terms  
crrTbV  ˆ/120  and  

caaTb ̂/11  from the first and from the second equations (26), 

respectively. From (26) it can be easily obtained: 
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Using now again equations (26), with some changes ( 1v̂  becomes 1v  and 2v̂  becomes 2v ), the following 

equations have resulted: 
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The two components of the PCH block’s output (
1hv  and 

2hv ) will have the forms: 11
ˆ

1
vvvh   and 
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Fig. 4 The block diagrams for the modeling of the servo-ailerons, servo-rudder, and the two components of the PCH block’s output 

5. Numerical Simulation Results 

 A. Numerical simulation setup 

 To study the performances of the new obtained automatic landing systems, we consider the landing 

approach phase of a light airplane (Charlie airplane). Complex simulations in Matlab/Simulink environment 

have been performed; thus, one designed the optimal observers, the H-inf controllers, and, after that, validated 

the proposed automatic landing systems in lateral-directional plane.  

 The values of the coefficients for Charlie light airplane’s landing dynamics have been borrowed from 

[5]: ,17.0,17.0,33.0,98.0,33.1,15.0,1,0,0013.0 323123222114131211  aaaaaaaaa  

,s7.0,m/s67,15.0,026.0,06.0,23.0,015.0,001.0,217.0 032312221121133  aTVbbbbbba  

;deg0,m0,01.0,1,1,s1.0 2121  YccTr  the vector e is   ,sdeg/1deg0sdeg/1deg0deg1m/s0m0
T

e   

the matrix G has been obtained by means of equation (3), while the system’s initial state is 

    ;deg0deg0m25deg1.0deg0sdeg/2deg/0deg0.10
T

sx   for the reference models, we have 

chosen: .rad/s2,7.0,25p 2121   To test the robustness of the two new ALSs with respect 

to the crosswind (lateral wind - Vvy), in the simulations there will be considered different values for w= 

Vvy between 2 m/s and 10 m/s. The values considered in this paper for the sensors’ errors are chosen very 

large because it is important to use strong disturbances instead of small ones when designing a robust ALS. 

 B. Results and discussion for the first flight control system during the landing approach phase 

 One has solved the Riccati equations (8) and (9); it resulted P  and ;*
P  the calculation of the gain 



matrices K  and L  is made by means of (7) and   ,
1

2222
* 

  DDCPL TT  respectively. The form of the 

command law u  resulted from (13); one has software implemented the block diagram in Fig. 1 and 

obtained the observer estimation errors, the main variables’ time history, and the influence of crosswind 

upon the aircraft lateral deviation with respect to the runway (Y) and the sideslip angle (β). 
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 In Fig. 5 the observer estimation errors are presented for aircraft’s lateral-directional motion (landing 

approach phase); the optimal observer is convergent - all the 8 components of the state xxx -ˆˆ   tend to zero 

in about 5 seconds. The results are the same whether the sensor errors are taken or not into consideration. In 

Fig. 6 we represent the time characteristics for the flight direction control system (Fig. 1); before the start of 

the two landing main stages in longitudinal plane, the pilot must cancel aircraft’s lateral deviation with respect 

to the runway. The characteristics have been represented for the first ALS affected by crosswind (Vvy=2 m/s) 

in the presence or in the absence of sensor errors (the sensors are used for the measurement of the states). The 

presence of the sensor errors is not visible – the curves with solid line (obtained for the first ALS without 

sensor errors) overlap almost perfectly over the curves plotted with dashed line (obtained for the first ALS 

with sensor errors). 
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Fig. 5 State estimation errors by using the optimal observer for the aircraft lateral motion 

 The landing approach begins at the nominal speed (67 m/s); the speed should be maintained constant. To 

test the robustness of the first designed ALS, in all simulations, we have taken into consideration the 



crosswind, because low-altitude crosswind can be a serious threat to the safety of aircraft in landing. From 6
th
 

mini-graphic in Fig. 6 (achieved for Vvy=2 m/s), we can see that the stationary value of the aircraft lateral 

deviation (Y) is very close to zero; this error is very good if we analyze the Federal Aviation Administration 

(FAA) accuracy requirements for Category III (best category) [31]; according to FAA Category III accuracy 

requirements, the lateral error must be less than 4.1 m. If the lateral error is between 4.1 m and 4.6 m, the 

aircraft meets the Category II precision standards, while if the lateral error is between 4.6 m and 9.1 m, the 

aircraft meets Category I precision standards. The used technique (H-inf control) can handle the plant with 

measurement noise (sensor errors) and crosswind. If the crosswind is stronger than its maximum accepted 

value, the pilot must avoid having the aircraft enter into this wind shear. From the sideslip angle’s point of 

view, the errors are less than 0.01 deg.; we conclude that β→ βc=0 deg. We also tested the first designed ALS 

for different values of the crosswind (between 2 m/s and 10 m/s) in order to analyze the system’s robustness 

when the lateral wind has medium or high values. Thus, in Fig. 7 we represent the time history of the main 

two control variables (Y and β) for different values of the lateral wind. As one can see from the time 

characteristics in Fig. 7, the errors Y-Yc and β- βc  increase together with the value of the crosswind, i.e. the 

error with respect to Y is 0.75 m for Vvy=2 m/s, 1.48 m for Vvy=4 m/s, 2.21 m for Vvy=6 m/s, 2.96 m for Vvy=8 

m/s, and 3.69 m for Vvy=10 m/s; the errors meet the FAA accuracy requirements for Category III, although the 

lateral wind take even large values. On the other hand, the errors with respect to β, for different values of the 

lateral wind, are very small (less than -0.027 deg). 
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Fig. 6 Time characteristics of the first lateral-directional control system, with or without sensor errors 
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Fig. 7 Time history of the main two control variables for different values of the lateral wind (first ALS) 

 C. Results and discussion for the second flight control system during the landing approach phase 

 For the second control system (Fig. 3), the data that lead to the obtaining of the matrices ,, *
 PP  

 LK ,  are the same; that is why, these matrices are the same with the ones obtained in the previous sub-

section of the paper. The form of the signal u  is again (7), while the control signal u  is calculated by 

means of the equation (25). Also, we software implemented the block diagram in Fig. 3 and obtained the 

observer’s estimation errors, the main variables’ time history, and the influence of crosswind upon the 

aircraft lateral deviation with respect to the runway (Y) and the sideslip angle (β); moreover, we will analyze 

the influence of Pseudo Control Hedging usage in the case of nonlinear actuators.  
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Fig. 8 Time characteristics of the second lateral-directional control system, with linear actuators, with or without sensor errors 

The time history of the observer estimation errors is similar to the one in Fig. 5 for the aircraft lateral-

directional motion (landing approach phase); the same conclusion can be drawn regarding the convergence 

of the optimal observer and its convergence speed. In Fig. 8 we represented the time characteristics for the 



flight direction control system (Fig. 3); the characteristics have been represented for the second control 

system affected by low crosswind (Vvy=2 m/s), with linear actuators (vh=0), in the presence or in the absence 

of sensors’ errors. The same conclusion can be drawn regarding the overlap of the curves with solid line and 

the curves plotted with dashed line.  

We also tested this second designed ALS (lateral-directional motion), with linear actuators (vh=0), for 

different values of the crosswind (between 2 m/s and 10 m/s) in order to analyze the system’s robustness when 

the lateral wind has medium or high values. Thus, in Fig. 9 we represented the time history of the main two 

control variables (Y and β) for different values of the lateral wind. Analyzing Fig. 9, one can conclude that the 

errors Y-Yc and β- βc  increase together with the value of the crosswind; for example, the error with respect to Y 

is 0.58 m for Vvy=2 m/s, 1.21 m for Vvy =4 m/s, 1.85 m for Vvy =6 m/s, 2.50 m for Vvy =8 m/s, and 3.14 m for 

Vvy =10 m/s, respectively; all the errors meet the FAA accuracy requirements for Category III, although the 

lateral wind take even large values. On the other hand, the errors with respect to β, for different values of the 

lateral wind, are very small (less than -0.02 deg). It is very important to remark that all these errors (both for Y 

and β) are smaller than their homologues in the case of the first ALS; other remarks regarding the comparison 

between the two new lateral-directional control systems will be presented in the next sub-section of this paper. 
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Fig. 9 Time history of the main two control variables for different values of the lateral wind (second ALS with linear actuators)  
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Fig. 10 Time characteristics of the second lateral-directional control system, with nonlinear actuators, with or without PCH 



 The second designed system works both with linear and nonlinear actuators. In real cases, the actuators of 

the system may be close to linear or nonlinear actuators’ models. Usually, the real actuators are closer to the 

nonlinear models because the deflection angles and the angular rates are limited and, furthermore, these 

actuators are characterized by a delay time. If the actuators are linear, their modeling equations are the last two 

equations (1); for this case the characteristics in Fig. 8 have been obtained. 

 If the actuators are nonlinear, their models are the ones presented in Fig. 4; in this case, it is good to use a 

PCH block   ,0hv  because it allows the system to work in the linear zones of the nonlinearities. As we 

already presented in the fourth section of this paper, the signal provided by the PCH block  T

hhh vvv
21

  is 

a reference model’s additional input. In the case of nonlinear actuators, we analyze the influence of Pseudo 

Control Hedging usage on the second ALS’s variables, by representing in Fig. 10 the time characteristics for 

the second flight direction control system with nonlinear actuators, affected by large crosswind (Vvy=10 m/s), 

in the presence of the sensors’ errors, taking or not into account the signals from the PCH block. 

 Analyzing Fig. 10, we can remark that the usage of a PCH block improves the system’s behavior; this is 

obvious especially in the case of the lateral deviation Y. In order to emphasize this, we plotted in Fig. 11 the 

time history of the lateral deviation with respect to the runway (Y), for different values of the lateral wind, 

using or not a PCH block when the actuators are nonlinear. Thus, from Fig. 11 we conclude that the 

differences between the dashed line curves (Y with PCH) and the solid line ones (Y without PCH) are easier to 

seen for large values of the crosswind; thus, the difference between the two curves is 0.25 m for Vvy=4 m/s, 

0.3 m for Vvy =6 m/s, 0.4 m for Vvy =8 m/s, and 0.5 m for Vvy =10 m/s, respectively. This means that, in the 

case of nonlinear actuators’ usage, the PCH block decreases the lateral deviation error, especially for large 

values of the crosswind, this improving the quality of the aircraft lateral-directional control system. 
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Fig. 11 Aircraft lateral deviation (Y), for different values of the lateral wind, using or not a PCH block 

 D. Comparison between the two new lateral-directional control systems 

 For the two lateral-directional control systems (the ones in Fig. 1 and in Fig. 3), Fig. 12 exposes the 

main two control variables (Y and β), for different values of the lateral wind; as one can see, the second 

ALS (ALS-2) is characterized by better quality indicators (damping, overshoots, stationary values, and 

transient regime periods). In Table 1 a comparison, for Y and β, between the overshoot (OVS), the 

transient regime period (TRP), and the stationary value (SV) for the two variants of ALS is achieved. 

From the TRP’s point of view, the values are approximately the same for β, while, for Y, the ALS-2/ALS-

1 improvement ratio is: 1.9 times; from the OVS’s point of view, the ALS-2/ALS-1 improvement ratio is 

appreciatively 5.37 times for Y and appreciatively 2.125 for β. From the stationary values’ point of view, 



we also remark the advantages of ALS-2 with respect to ALS-1; thus, for Y: a decrease from 0.42 m to 

0.30 m for w=2 m/s, a decrease from 1.13 m to 0.90 m for w=4 m/s, a decrease from 1.9 m to 1.59 m for 

w=6 m/s, and a decrease from 2.65 m to 2.21 m for w=8 m/s, while, for β, the decreases are also evident 

although these are characterized by very small values. Taking into account all the above presented issue, 

we can conclude the superiority of the ALS-2 (Fig. 3) with respect to ALS-1 (Fig. 1). Both control systems 

have very good properties and meet the FAA best Landing Category, but, due to its better precision, ALS-

2 can be used to control the lateral-direction motion of aircraft during the last two stages of landing (glide 

slope phase and flare phase), while ALS-1 can be used to control the lateral-direction motion of aircraft 

during the landing approach phase. The first presented ALS is easier to design, while the advantage of the 

ALS-2 is related to its better quality indicators and to the fact that this automatic landing system is more 

appropriate for the cases when the aircraft dynamics is strongly nonlinear. 
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Fig. 12 Comparison between ALS-1 and ALS-2 for different values of the lateral wind 

Table 1 – Quality indicators for the ALSs in Fig. 1 and Fig. 3 

Variable Lateral deviation (Y) Sideslip angle (β) 

Quality indicators OVS [m] TRP [s] SV [m] OVS [deg] TRP [s] SV [deg] 

ALS-1 

(Fig. 1) 

w=2 m/s 6.32 

3.5 

0.42 0.19 

15 

3108.6   

w=4 m/s 6.23 1.13 0.17 31011   

w=6 m/s 6.20 1.9 0.155 31016   

w=8 m/s 6.15 2.65 0.135 31021   

ALS-2 

(Fig. 3) 

w=2 m/s 1.31 

1.8 

0.30 0.085 

15 

3105.5   

w=4 m/s 1.16 0.90 0.080 3108   

w=6 m/s 1.14 1.59 0.075 31012   

w=8 m/s 1.10 2.21 0.071 31015   

6. Conclusions 

 The purpose of this study was to design robust automatic landing systems for lateral-directional plane by 

using the H-inf control and the dynamic inversion technique. The H-inf method can handle both robustness 

and exact tracking problem, being very suited for the design of automatic landing systems. This technique 

provides robust stability with respect to the uncertainties caused by different disturbances and noise type 

signals, while the dynamic inversion provides good precision tracking. The new obtained systems represent 

extensions of the automatic landing system designed in [4], where only the landing in longitudinal plane is 

analyzed; our new automatic landing systems have some additional elements with respect to the one presented 

in [4]: an optimal observer, two reference models (which provide the desired lateral deviation with respect to 

the runway and the desired sideslip angle), and a dynamic compensator (only for the second designed ALS) 

which provides one of the control law components (the pseudo-command signal). The two calculation 

methods for the optimal control laws are characterized by a high degree of generality, applicability, and 



simplicity. The simulation results are promising and show the robustness of the designed control systems even 

in the presence of crosswind and sensor errors; moreover, the very good errors meet the FAA accuracy 

requirements for Category III. On the other hand, the designed control laws have the ability to reject the 

measurement noise from sensors and the crosswind. Compared to other existing approaches in the field of 

ALSs, our method achieved higher tracking precision. 
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